Glutamate is the main neurotransmitter responsible for excitatory neurotransmission throughout the brain. Glutamate serves as a ligand for G-protein coupled metabotropic and ionotropic (iGluRs) receptors. The latter consists of N-methyl-D-aspartate, α-amino-3-hydroxy-5-methylisoxazole-4-propionate (AMPA) and kainate (KA) subtypes. Glutamate dysfunction has been linked to numerous diseases, including schizophrenia, bipolar disorder and major depressive disorder.
Introduction
Glutamate is the main neurotransmitter responsible for excitatory neurotransmission throughout the brain. Glutamate serves as a ligand for G-protein coupled metabotropic and ionotropic (iGluRs) receptors. The latter consists of N-methyl-D-aspartate, α-amino-3-hydroxy-5-methylisoxazole-4-propionate (AMPA) and kainate (KA) subtypes. Glutamate dysfunction has been linked to numerous diseases, including schizophrenia, bipolar disorder and major depressive disorder. [1] [2] [3] [4] [5] [6] The AMPA and KA receptors are ligand-gated nonselective cation channels that mediate fast excitatory neurotransmission. Each receptor is a tetramer composed of a combination of subunits encoded by separate genes, GluA1-4 for AMPA, and GluK1-3 and KA1-2 for KA receptors. Individual subunit transcripts undergo posttranscriptional modifications that substantially alter the structure and function of the resulting receptors. Alternative splicing of GluA1-4 generates 2 different variants of each subunit (flip or flop), forming AMPA receptors with distinct kinetic properties. [7] [8] [9] In addition, AMPA and KA receptor transcripts can be modified by RNA editing. 10 The most frequent RNA editing process in eukaryotes involves conversion of adenosine to inosine catalyzed by the adenosine deaminases acting on RNA (ADAR) enzymes. 11 As inosine is interpreted as a guanosine during splicing and translation, the editing event can result in recoding. A total of 8 specific adenosine nucleotides within iGluRs pre-mRNAs are subject to this type of editing, and in each case the editing event results in an amino acid change that impacts receptor function.
The most infamous editing event is the life-sustaining modification of the AMPA receptor subunit GluA2 at the glutamine-to-arginine (Q/R) site that results in the change of a glutamine to an arginine in the pore-forming region of the protein. The editing of GluA2 at the Q/R site occurs in vivo at a frequency of almost 100% and drastically reduces receptor calcium permeability. Mutant animals, in which this editing event does not occur, experience epileptic seizures and premature death, and the lack of GluA2 editing in motor neurons leads to neuronal death, both due to calcium toxicity. [12] [13] [14] Other iGluR sites are edited to varying degrees, and these changes have less dramatic implications. Similar to the GluA2 Q/R site, editing of homologous Q/R sites within the KA receptor subunits GluK1 and GluK2 also influences calcium permeability. 15 In addition, the GluK2 subunit has isoleucine-to-valine and tyrosine-to-cysteine sites. Editing at these sites limits the calcium permeability of the receptor in the absence of editing at the Q/R site. 16, 17 Another editing site, arginine-to-glycine (R/G), which is situated just upstream of the flip/flop splice site of GluA2-4 AMPA receptor subunits, influences the rate of receptor resensitization. 18 Aberrant adenosine-to-inosine editing of iGluRs has been reported in association with a number of different neurologic and psychiatric diseases. 19 Reduced efficiency of editing at the GluA2 Q/R site was observed in the prefrontal cortex (PFC) of patients with Alzheimer disease and patients with schizophrenia, in the striatum of patients with Huntington disease 20 and in the spinal cord of patients with amyotrophic lateral sclerosis. 5 Altered editing at the Q/R site of both GluA2 and GluK2 has also been implicated in epilepsy. 21, 22 In addition, editing of another neurotransmitter receptor, the serotonin 2C receptor (5-HT 2C R), has been implicated in schizophrenia, depression and suicide. [23] [24] [25] [26] [27] [28] However, editing in iGluRs has never been comprehensively assessed in the human brain in the context of psychiatric conditions within the same brain region.
We have recently developed a novel real-time quantitative polymerase chain reaction (qPCR) assay to quantify the efficiency of editing at a single editing site. 29 This assay enables exceptional discrimination between edited and unedited transcripts and is more precise and sensitive than 2 other common methods of editing analysis -sequencing of individual clones and restriction enzyme digestion -which were used in most of the previous iGluRs editing studies. The present study aimed to quantify editing efficiencies iGluRs in the human dorsolateral PFC (DLPFC) using our qPCR assay, determine whether this iGluR editing is associated with psychiatric disease or suicide and evaluate a potential association between editing and alternative splicing (flip v. flop) in AMPA receptors. We used a well-characterized cohort from the Stanley Medical Research Institute (SMRI), which consisted of specimens from patients with bipolar disorder or schizophrenia who died by suicide or from other causes and of psychiatrically heatlhy controls who died from causes other than suicide.
Methods

Specimens
We obtained specimens of total RNA extracted from the DLPFC from the SMRI Array Collection. The cohort consisted of individuals who had diagnosed bipolar disorder (n = 31) or schizophrenia (n = 34) and controls (n = 34; Table 1 ). Of the individuals with bipolar disorder or schizophrenia, 14 and 7, respectively, died by suicide. All controls died of causes other than suicide.
Assay validation
For each assay, unique PCR primers and TaqMan probes were designed according to the National Center for Biotechnology Information reference sequences, and the specificity of the resulting amplicons was confirmed by sequencing ( Table 2) . For each assay, amplicons identified to contain adenosine or guanosine at the editing sites were used to
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Lyddon et al. determine cross-hybridization and to generate a standard curve as described. 29 The optimal probe concentrations were identified as described 29 and were 312.5 nM for GluA3-4 flop assays and 250 nM for all other assays.
Editing analysis
We performed qPCR using a touchdown program that consisted of a 2 minute hold at 50°C and a 10 minute hold at 95°C, followed by 10 touchdown cycles (each consisting of 95°C for 15 seconds and 74°C for 1 minute with a ∆-1°C for each cycle) and 40 additional cycles with an annealing temperature of 64°C. For the GluA2 Q/R assay, the annealing temperatures were modified from 74°C to 75°C for the starting touchdown cycle and from 64°C to 65°C for the additional cycles. The editing efficiency at each site and in each specimen was calculated as a percentage: the quantity derived from the VIC assay (guanosine) divided by the total quantities from the VIC and FAM assays (guanosine plus adenosine).
Statistical analysis
We compared mean editing efficiencies among the 3 groups (schizophrenia, bipolar disorder and controls) using a separate analysis of covariance model for each site. Using separate t tests, we compared editing in specimens from those who died by suicide with specimens from those who died from other causes. Paired t tests were performed to compare editing in flip versus flop variants in the entire cohort (n = 99). We considered 8 possible covariates for inclusion: age, sex, postmortem interval, brain pH, lifetime alcohol use, lifetime drug use, prescription of antidepressant drugs (yes or no) and lifetime dosage of prescription antipsychotics (fluphenazine equivalents [mg] ). The Mallow Cp model selected all these covariates, excluding sex, for the analyses. 30 All hypothesis testing was conducted at the 5% level of significance using SAS, version 9.2.
Results
We assessed the editing efficiencies of all iGluR editing sites using site-specific multiplex qPCR assays. 29 Each assay consisted of a single set of primers, which amplify both edited and unedited transcripts, and 2 probes, which were designed to recognize either the unedited or edited base and were labelled with different fluorophores (FAM or VIC). This enabled simultaneous measurement of edited and unedited transcripts in the same reaction. To assure that the probes accurately discriminated between edited and unedited transcripts that differ only by a single base pair, we assessed the cross-hybridization and found it to be less than 8% for all of the assays ( Table 2) .
The mean editing efficiencies at each of the 8 editing sites are displayed in Table 3 . We found no differences among the control, schizophrenia and bipolar disorder groups. Likewise, there were no differences between those who died by suicide and those who died from other causes (all p > 0.05). When the entire cohort (n = 99) was analyzed, paired t tests revealed a small but significant difference in editing efficiency between GluA3 flip and flop R/G sites (p < 0.001; Table 3 , Fig. 1 ). In addition, we observed a striking difference ) to amplify both edited and unedited transcripts, and 2 TaqMan probes. One probe was labelled with FAM and was designed to recognize the unedited, genomic base, A. Another probe was labelled with VIC and was designed to recognize the edited base, G, allowing for the edited and unedited transcripts to be measured simultaneously in the same reaction. We show sequences of primers and probes and percentages of cross-hybridization for each assay. Cross-hybridization is determined as the frequency with which a probe hybridizes to its mismatched template (for details, see Wong and colleagues 29 ). Edited base is indicated in boldface type.
in the R/G editing efficiency (∆ = 37.83%) between GluA4 flip and flop variants (p < 0.001; Table 3 , Fig. 1 ). In both cases, flop receptors were edited to a greater extent than their alternatively spliced counterparts.
Discussion
Considerable evidence supports the involvement of the glutamatergic system in the pathology of schizophrenia and bipolar disorder. 3, 6 Thus, it is important that we investigate potential functional alterations that may occur in iGluRs in the context of these disorders. The function of iGluRs is influenced by numerous factors, including editing of their premRNA. Although editing at the GluA2 Q/R site, which is crucial for limiting calcium permeability in GluA2-containing AMPA receptors, has been extensively studied, 5, 13, 20 the editing status of all other iGluR sites, which have more subtle effects on receptor properties, has not been examined in detail in the context of psychiatric disease or suicide. In the present study we determined the editing efficiencies for all iGluR sites within the DLPFC in a well-characterized cohort of individuals who had schizophrenia or bipolar disorder and controls. Our novel methodological approach allowed for a significant improvement in precision and sensitivity of measurements compared with previously used methods. As reflected by low variability in our data, we observed highly consistent levels of editing at all iGluR sites across individuals, which is in line with the results of recent studies that assessed editing in different molecules. 31, 32 These results confirm that, as was reported for other targets, RNA editing of iGluRs is a tightly regulated process, emphasizing the importance of this posttranscriptional modification for the functionality of the glutamatergic system in the brain. 32 However, we did not detect any diagnosis-or suicide-specific alterations.
A previous study of a well-established model of schizophrenia (phencyclidine [PCP]-treated rats) showed decreased editing at the R/G site of GluA2-3 flop subunits and increased editing of the Q/R site of GluK2 in the PFC, suggesting decreased glutamate signalling in the PFC of those animals. 33 However, that study used a different methodology. In addition, chronic PCP treatment of mice only mimics the main behavioural and neurobiological defects associated with schizophrenia. 33 In contrast, our study was designed to probe the intrinsic editing differences in humans with distinct psychiatric diagnoses. Our findings did not support the existence of editing differences in humans with schizophrenia compared with controls. This lack of significant editing alterations extends to the GluA2 Q/R site, which was reported to have lower editing efficiency in schizophrenia compared with controls. 20 That study, however, compared only 6 schizophrenia and 8 control specimens and used a restriction enzyme digestion, which is substantially less accurate than the qPCR assay used in our study. 29 For all specimens, we also observed slightly lower editing efficiency at the Q/R site than previously reported (96% v. 99%). 5, 20 This discrepancy is likely due to an overestimation of editing efficiency in previous publications as a result of the bias associated with analysis by enzymatic restriction (for details, see Wong and colleagues 29 ) and/or to an existence of a small crosshybridization (about 1.8%) between the unedited probe and mismatched edited template in our GluA2 Q/R assay.
Changes in editing of the 5-HT 2C R have previously been reported in individuals with schizophrenia; 28 however, replication attempts have been unsuccessful. 24, 27 Later studies demonstrated an association between 5-HT 2C R editing and suicide. [23] [24] [25] [26] In particular, one study conducted in our laboratory, which used samples from the same cohort and brain region as the present study, showed that the specimens from individuals who had committed suicide displayed greater 5-HT 2C R editing than those from individuals who died from other causes, regardless of psychiatric diagnosis. 26 One could hypothesize that if these differences in editing were the result of greater ADAR activity in suicide completers, the editing efficiency of other ADAR substrates would also be elevated in these individuals. However, we detected no association between suicide and iGluR editing. This discrepancy may be a result of cell type-specific editing alterations, since iGluRs and ADARs are ubiquitously expressed, whereas 5-HT 2C Rs are mostly confined to GABAergic interneurons within layer 5 of the PFC. 34, 35 Therefore, an increase in ADAR activity in suicide completers could be confined to γ-aminobutyric acid (GABA) cells, with a consequential increase in editing only in this cell population, precluding the detection of iGluRs editing changes in the homogenate cortical preparations used in the study. Alternatively, 5-HT 2C R editing differences in suicide completers may stem from causes other than ADAR activity that are specific to the 5-HT 2C R. 36, 37 To investigate these possibilities, editing analysis in cells coexpressing iGluRs and 5-HT 2C Rs would be essential. Unfortunately, such studies are not currently feasible since our preliminary experi ments have demonstrated that the required immunohisto chemical treatment severely compromises the quality of RNA, precluding the necessary quantitative analysis.
We also examined the relation between editing and alternative splicing and found no differences in the frequency of editing at the R/G site in flip-versus flop-containing GluA2 transcripts. However, in GluA3 and GluA4, flop variants were edited at a significantly higher frequency than flip variants at this site. This is mostly in agreement with data obtained from the adult rodent brain. 18, 38 Previous studies indicated that inclusion of flop over flip subunits increases the rate of desensitization, whereas editing at the R/G site increases the rate of resensitization of the receptor. 39 Thus, our studies suggest that, in the context of GluA3 and GluA4, flop variants are more likely to be edited than unedited, thus increasing the glutamate sensitivity of the flop-containing receptors. Although the significance of these findings is not immediately evident, they provide insight into the functional regulation of the iGluRs that is achieved by a combination of editing and splicing mech anisms. Of note, most AMPA receptors in the human DLPFC contain GluA2 and GluA3 subunits, 40 and, although the expression of GluA4 is low in this region, GluA4-containing receptors may be of importance for specific subpopulations of cortical neurons.
41,42
Limitations
Common to most postmortem studies of individuals with psychiatric diseases, the main shortcoming of the present study was the potential influence of treatment. We may have failed to observe a diagnosis-associated difference in iGluR editing because this inherent difference had been corrected by antipsychotic or antidepressant exposure. To our knowledge, no studies have been conducted to evaluate the potential effects of antipsychotics on iGluR editing, and studies of the effect of antidepressants on iGluR editing have yielded inconsistent results. 38, 43 The antidepressants prescribed to the patients with schizophrenia and bipolar disorder whose specimens were included in this study were too variable, and there were no antipsychotic-naive patients with schizophrenia for comparison to enable meaningful subgroup analyses (Table 1) . However, although we cannot rule out a potential influence of medications, our statistical analysis revealed no significant effect of the medication history on our findings.
Conclusion
We have used a novel sensitive assay to assess editing of the iGluRs in the DLPFC of controls and of patients with bipolar disorder or schizophrenia. We detected no differences in editing among the groups or between suicide completers and those who died from other causes. Editing differences have been previously reported for 5-HT 2C R in suicide completers and for GluA2 Q/R in individuals with schizophrenia. The apparent inconsistency with the previously reported suicidespecific 5-HT 2C R editing alterations in this cohort may stem from cellular specificity of editing abnormalities in individuals with psychiatric conditions, which will require further investigation using cell-specific assays. We also detected that GluA3-4 flop variants were edited at a significantly higher frequency than their flip counterparts, suggesting an association between editing and splicing that influences the sensitivity of the receptors to glutamate.
